ABSTRACT. Cerebral hyperperfusion associated with hypertension, may play an important role in the pathogenesis of intraventricular hemorrhage in preterm infants. To examine the effect of hypertension on changes in total and regional brain blood flow (BBF), we increased the mean arterial blood pressure (MABP) in nine awake newborn piglets by an infusion of 0.7 mg/kg of metaraminol bitartrate (Aramine) (group I) and studied cerebral circulatory changes. In order to prevent the Aramine-associated bradycardia, we pretreated nine other piglets with atropine, which produced a higher level of hypertension (group 11). MABP and BBF were measured and cerebral vascular resistance (CVR) was calculated during baseline, the Aramine infusion, and twice at decreasing MABP following the discontinuation of the Aramine infusion. In group I, the significant increase in MABP from 68 k 3 to 100 + 3 mm Hg (mean f SEM) during the Aramine infusion resulted in a significant increase in BBF (98 f 9 to 118 f 11 ml -min-' -100 g-'). MABP decreased significantly (although remained significantly above baseline levels), when Aramine was discontinued; however, total BBF remained elevated. CVR increased during the Aramine infusion, but decreased significan (versus the Aramine-infused state) in the post-Aramine period. Regional BBF increased significantly to the cerebrum and cerebellar cortex, but remained unchanged to the other regions including the brain stem. In group 11, the Aramine infusion resulted in a significantly greater increase in MABP, a sustained increase in vascular resistance, and no increase in total BBF. Thus, atropine prevents increased BBF during hypertension in the newborn piglet. ( Increases in MABP have been considered an important factor in the pathogenesis of IVH in low birth weight infants. Sudden increases in MABP have been shown to produce IVH in newborn dogs (9) and fetal sheep (27), possibly by increasing blood flow to the fragile blood vessels of the germinal matrix. In recent clinical studies, a relationship has been established between IVH and ligation of the ductus arteriosus in preterm infants (2), a procedure that significantly increases the MABP (21). A correlation has also been shown to exist between high MABP during the first days of life in preterm infants and the incidence of IVH (31). Even small increases in MABP may increase the risk of IVH in distressed newborn infants, possibly because of impaired autoregulation reported in these infants (19). Therefore, it appears clinically relevant to examine the changes in total and regional BBF during hypertension in an experimental animal. We induced hypertension pharmacologically in newborn piglets. An additional increment in MABP was obtained by pretreating the animals with a cholinergic blocking agent (atropine). During these experiments, we unexpectedly observed a protective effect of atropine on the BBF during hypertension. Thus, in this article, we describe the changes in total and regional BBF during hypertension and the effects of atropine pretreatment on these circulatory changes.
Increases in MABP have been considered an important factor in the pathogenesis of IVH in low birth weight infants. Sudden increases in MABP have been shown to produce IVH in newborn dogs (9) and fetal sheep (27) , possibly by increasing blood flow to the fragile blood vessels of the germinal matrix. In recent clinical studies, a relationship has been established between IVH and ligation of the ductus arteriosus in preterm infants (2), a procedure that significantly increases the MABP (21) . A correlation has also been shown to exist between high MABP during the first days of life in preterm infants and the incidence of IVH (31) . Even small increases in MABP may increase the risk of IVH in distressed newborn infants, possibly because of impaired autoregulation reported in these infants (19) . Therefore, it appears clinically relevant to examine the changes in total and regional BBF during hypertension in an experimental animal. We induced hypertension pharmacologically in newborn piglets. An additional increment in MABP was obtained by pretreating the animals with a cholinergic blocking agent (atropine). During these experiments, we unexpectedly observed a protective effect of atropine on the BBF during hypertension. Thus, in this article, we describe the changes in total and regional BBF during hypertension and the effects of atropine pretreatment on these circulatory changes.
MATERIALS AND METHODS
Eighteen piglets with a mean weight of 1.4 kg (range, 0.9-1.7) were studied on the 2nd to 3rd day of life. The piglets remained with the sow until the morning of the study. Catheter placement was performed on an infant radiant warmer under general anesthesia using a mixture of 70% nitrous oxide and 30% oxygen administered via a headbox, and local infiltration anesthesia using 1 % xylocaine. A 3% French vascular catheter (Argyle, St. Louis, MO) was introduced into the left ventricle via the right brachial artery, for injection of radionuclide-labeled microspheres. Polyvinyl catheters (ID 0.58 mm, OD 0.9 mm, Bolab Inc., Lake Havasu, AZ) were placed in 1) the left brachial artery for withdrawal of reference blood samples, 2) the abdominal aorta via a femoral artery for determination of blood pressure, heart rate, arterial blood gases, and hematocrit values, and 3) the vena cava via a femoral vein, for infusion of drugs.
Following catheter placement, the headbox was removed and the animals were allowed to recover from anesthesia. The awake piglets were placed in a closed cardboard box to ensure a disturbance-free environment, and the distal ends of the catheters were exteriorized through a small opening in the box.
Microspheres (1 5 + 5 pm, New England Nuclear) labeled with 5'Cr, 46S~, 95Nb, Ii3Sn, Io3Ru, and 57 Co were utilized to measure brain blood flow according to the technique of Heymann et al. (13) . For each blood flow measurement, approximately 9 x lo5 radionuclide-labeled microspheres suspended in a 10% dextran solution were injected over 45 s into the left ventricle. A reference sample of blood from the axillary artery was collected continuously for 2 min beginning 15 s prior to the microsphere injection, at a withdrawal rate of 1.03 ml/min using a constant withdrawal pump (Harvard Apparatus, Millis, MA). Blood loss from sampling was replaced with an equal volume of blood obtained from a donor piglet. Adequate mixing of microspheres in the left ventricle was confirmed by comparing blood flow from the right and left cerebrum (r = 0.99, n = 9).
Baseline BBF was determined after a 2-h recovery period from surgery. In one group of animals (group I), hypertension was induced with metaraminol bitartrate (Aramine), an adrenergic receptor stimulator. The mean total Aramine dose of 0.7 mg/kg was divided into a bolus injection and a 2-min infusion. The bolus injection was adjusted to increase the blood pressure maximally; the 2-min infusion maintained the elevated blood pressure while the BBF was being measured. At the end of this BBF determination, the Aramine infusion was discontinued. During the next half-hour (mean time, 28 min; range, 15-49 min), the MABP declined slowly, allowing us to perform two additional BBF deteminations at MABP lower than those obtained during the Aramine infusion, but still significantly elevated compared to baseline values.
During Aramine administration, reflex bradycardia limited the increase in MABP in group I. In order to achieve a greater increase in MABP, the reflex bradycardia was eliminated in nine piglets (group 11) by pretreating them with atropine before the induction of hypertension. The study design was exactly the same as for group I except for the following. After the baseline BBF determination 0.02 mg/kg of atropine sulfate was administered intravenously and a second baseline BBF was detemined. Following this second baseline measurement, Aramine was infused at the same dose and rate as in group I. The duration of the post-Aramine study period was similar in both groups (mean, 28 min; range, 2 1-40 in group 11). In group 11, the second postAramine determination was performed in seven of the nine animals.
MABP was monitored continuously during the study using a Hewlett-Packard 1280 B pressure transducer and recorded on a Hewlett-Packard 7754 A polygraph. The mean, systolic, and diastolic blood pressure, pulse pressure, and heart rate represented the mean of five determinations during each BBF measurement. Total CVR was calculated by dividing MABP by total BBF. After each BBF determination, arterial Pacoz, Pao2, pH, and base excess were measured using a Coming 165 blood gas analyzer. Arterial hematocrit was measured using the microhematocrit method.
At the end of the study, the animals were sacrificed with an overdose of sodium thiamylal, the catheter placement was confirmed by autopsy, and the brain was removed and weighed. Fixation of the brain, counting of tissue and reference blood samples, and calculation of blood flow were performed as previously described (13, 18) . Blood flow to various regions of the brain was examined separately; these were isolated as follows: cerebrum, brain stem (from superior colliculus to the spinal cord), cerebellar cortex, cerebellar medulla, caudate nucleus (floor of the third ventricle), and the boundary zone (periventricular area in the frontoparietal region of the brain). The choroid plexus was removed from the lateral ventricles in eight animals from group I and seven animals from group 11.
Each reference blood sample and most of the tissue samples contained at least 400 microspheres (13) , except in 15% of the samples from the germinal matrix area, the boundary zone and the cerebellar medulla, and 90% of the choroid plexus samples, where less than 400 microspheres/sample were found. The mean number of microspheres was as follows: in the caudate nucleus, 969 * 71 (kSEM); the boundary zone, 806 +-55; the cerebellar medulla, 1270 + 98; and the choroid plexus, 204 & 16. The low numbers of radionuclide-labeled microspheres may account for a greater variability in the blood flow determinations to these regions.
Statistical analysis of changes within each group was done by analysis of variance for repeated measurements. If a significant difference was found, Dunnet's multiple range t test was used to compare the means to the baseline values (32) . The two study groups were compared by unpaired Student's t test. When the two groups were compared during more than one study period, the value accepted as significant was corrected according to the Bonferroni method (30) . All values are expressed as mean & one standard error of the mean. Table 1 summarizes the arterial blood gas and hematocrit values at each blood flow determination in group I (Aramine) and group I1 (Aramine with atropine pretreatment) piglets. Pretreatment with atropine did not alter the blood gas and hematocrit values. For unexplained reasons, there were minor but significant differences in arterial blood pH and base excess at various study periods in both groups as noted in Table 1 ; however, all values were within the physiologic range and should not affect the main parameters of our study, i.e. hemodynamics and brain blood flow. Table 2 summarizes the changes in MABP, total and regional BBF, and calculated CVR in group I. MABP increased signifi- During and after the Aramine infusion, total and regional BBF did not differ from baseline values except for the choroid plexus blood flow, where a significant (p < 0.05) reduction was noted.
RESULTS
CVR remained unchanged after atropine pretreatment, increased Mean arterial blood pressure (mm Hg) (9) Total brain blood flow (9) Total cerebral vascular resistance (9) Q cerebrum (9) Q brainstem (9) Q cerebellum (9) Q cerebellar cortex (9) Q cerebellar medulla (9) Q boundary zone (9) Q caudate nucleus (9) Q choroid plexus (8) * Values are means + SEM. All blood flows (Q) expressed as ml .min-'. 100 g-'
t Number of experiments in parentheses.
$ p < 0.05 compared to baseline. When the data from groups I and I1 were compared, we observed a distinct difference in the response of BBF and CVR to Aramine-induced hypertension when atropine pretreatment was instituted. As shown in Figure 1 , Aramine infusion resulted in a significant increase in MABP from baseline in both groups; the increase was significantly greater in group I1 (atropine pretreatment) as compared to group I (no atropine) (p < 0.0125).
During the post-Aramine period, MABP levels were similarly elevated from baseline in both groups. CVR increased significantly 0, < 0.05) with Aramine administration in both groups; during the post-Aramine period, CVR remained elevated in group I1 (atropine pretreatment) and decreased significantly (p < 0.05) from the Aramine-infused state in group I. The significant 0, < 0.05) and sustained increase in blood flow in group I was not observed in group 11, despite the significantly greater increase in MABP during the Aramine infusion in this group. As shown in Figure 2 , the blood flow to the cerebrum and cerebellar cortex were significantly (p < 0.05) elevated in group I during hypertension but not in group 11. The choroid plexus blood flow decreased significantly (p < 0.05) during hypertension in both groups.
The changes in heart rate and pulse pressure in the two groups are summarized in Table 4 . The heart rate in group I decreased significantly ( p < 0.05) during Aramine infusion and the first post-Aramine measurement. During the second post-Aramine measurement, the heart rate had increased significantly (p < 0.05) from the value obtained during Aramine infusion but was no longer significantly different from baseline. In group 11, heart rate increased significantly ( p < 0.05) after administration of atropine compared to baseline. Aramine administration resulted Table 3 . Changes in mean arterial blood pressure, total cerebral vascular resistance (mm Hg. ml-' . 100 g. * p < 0.05 compared to baseline; 7 p < 0.05 compared to Aramine; A p < 0.0 125 compared to group I1 for the same study period.
min), and total and regional brain bloodflow ( m l min-' .I00 g-') in group I1 piglets (atropine pretreatment before induction of hypertension with aramine)*
in a slight decrease in heart rate; however, during the postAramine period, heart rate was again significantly ( p < 0.05) increased as compared to baseline. During induction of hypertension and the first post-Aramine blood flow determination, the heart rate was significantly higher in group I1 as compared to group I ( p < 0.0125). The pulse pressure increased significantly during the Aramine infusion in both groups compared to baseline ( p < 0.05); in group I, it remained significantly elevated during Table 4 . Changes in heart rate (beatslmin) and pulse pressure (mm Hg) in the study subjects 
DISCUSSION
Changes in BBF during hypertension have not been investigated previously in newborn piglets. In the current report, an acute increase in MABP to a mean of 100 mm Hg (group I, in Fig. 1 ) resulted in a significant and sustained increase in BBF, indicating that the upper limit of the autoregulatory range in newborn piglets is similar to the limit of 90 mm Hg found in newborn lambs (26) and dogs (12) . When exceeding the autoregulatory range, we would have expected a decrease in CVR as an indication of cerebral vasodilation; instead, we found a significant increase followed by a decrease. Because we did not measure intracranial or cerebral venous pressure simultaneously for the calculation of CVR, a possible explanation is that the CVR is overestimated. Furthermore, the MABP increased more than the CVR (47% versus 24%). Therefore, we speculate that the transient increase in CVR reflects an attempt by the cerebral vasculature to autoregulate in the face of an acute increase in MABP and that attempt failed resulting in an increased BBF. Several investigators (14, 15, 20) have shown that acute severe arterial hypertension (MABP 170-200 mm Hg in the adult cat) results in dilatation of the cerebral arteries and arterioles. This dilatation and the increase in BBF (I) are sustained after normalization of the blood pressure and renders the arteries unresponsive to hypocarbia and other vasoconstrictive agents of the cerebral circulation. Our finding of a sustained increase in BBF, in spite of the post-Aramine decline in arterial blood pressures, suggests that a maximum MABP of not more than 100 mm Hg might be sufficient to render the cerebral vasculature unresponsive for at least a half-hour in the newborn pig. We speculate that in view of these results, hypertensive peaks may play a role in the lack of autoregulation reported in stressed newborn infants.
In this study, we demonstrated a sparing effect on blood flow increases to specific regions (e.g. brain stem and cerebellar medulla) of the brain. Similar changes in regional brain blood flow have been described in adult cats (1, 10). Our group also has previously shown a sparing effect on blood flow reduction to the brain stem and cerebellum during hypotension in the newborn piglet (17) . Thus, the vital centers of the brain (i.e. brain stem) are relatively well protected from perturbations in blood flow during fluctuations in blood pressure above or below the range of autoregulation.
The same pattern of selective blood flow increase to the cortex was also seen in the cerebellum in our study. Cerebellar hemorrhage is relatively frequent in preterm infants and often develops within the cerebellar cortex just below the pial capillary network which is poorly developed and in a continual process of remodeling (25) . The selective increase in blood flow to the cerebellar cortex found in our study suggests that hypertension may play a role in cerebellar hemorrhage. Similar to the findings by other investigators in adult cats (lo), blood flow to the caudate nucleus did not increase during hypertension. The caudate nucleus forms the floor of the third ventricle representing the area where the germinal matrix exists in a more immature animal. However, the maturation of the pig brain at birth is similar to the human newborn at 36 wk of gestation (18); the germinal matrix has almost disappeared and the blood vessels supplying this area are greatly reduced compared to those seen earlier in gestation. One may speculate that hypertension may still increase blood flow to this area in a less immature animal.
Hypertension has been found by several investigators to cause vasoconstriction, reduced blood flow, and ischemic damage to the arterial boundary zones (6, 28) in the brain. The sites of periventricular leukomalacia, a common ischemic lesion of the newborn brain, are the boundary zones between centripetal and centrifugal arteries within the brain (25) . We did not find any blood flow changes in the boundary zone during hypertension. The result of this study therefore seems to suggest that hypertension does not play an important role in the development of periventricular leukomalacia in the newborn.
The highly significant decrease in choroid plexus blood flow found in this study during hypertension has also been described in adult sheep treated with Aramine (24) . Aramine is an adrenergic receptor stimulator and increases blood pressure mainly by peripheral vasoconstriction. The decrease in choroid plexus blood flow suggests a direct vasoconstrictive action of Aramine on the choroid plexus vessels and seems to confirm the previous finding (3) that the choroid plexus lacks a blood-brain barrier.
Pretreatment with atropine in group I1 successfully abolished the reflex bradycardia observed during the induction of hypertension in group I and resulted in a higher MABP (group 11, Fig.  1 ). However, BBF did not increase in group I1 as in group I and vascular resistance remained elevated. Rudolph and Heymann (29) have shown that the newborn increases its cardiac output mainly by increasing heart rate. The heart rate increased after atropine pretreatment in group I1 and was significantly higher after induction of hypertension in this group than in group I. The pulse pressure was the same in both groups. Thus, although we did not measure cardiac output, the higher heart rate in group I1 and the similar pulse pressure in both groups make it unlikely that a decrease in cardiac output in group I1 as compared to group I could explain the failure of BBF to increase in group 11.
The current theory to explain cerebral vasodilation in the presence of the arterial blood pressure exceeding the autoregulatory range is based upon the mechanical distending force of high pressure on the vessel wall (20) . Sympathetic and parasympathetic nerves and receptors are abundantly present in the cerebrovascular bed (7, 8) and electrical stimulation of the cervical sympathetic chain has been shown to protect the brain against hypertensive insults (1, 10, 11) . Because the origin of cholinergic nerves in the brain is uncertain, electrical stimulation is not feasible. However, several authors have attempted to explore the influence of the parasympathetic nervous system on the cerebral circulation by administration of acetylcholine and the cholinergic muscarinic blocking agent, atropine. Atropine has been shown to abolish cerebral vasodilation within the autoregulatory range (16, 22) . Using the cranial window method, Busija et al. (4) produced vasodilation of the pial arteries by topical application of acetylcholine. This dilation was blocked by intravenous injection of atropine. D'Alecy and Rose (5) also found cerebral vasodilation resulting in a large increase in cerebral blood flow after an intraarterial infusion of acetylcholine; blockade with atropine intravenously eliminated this vasodilation. Atropine has also been shown to enhance norepinephrine release from peripheral adrenergic nerve fibers in organs where terminal adrenergic and cholinergic axons run side by side (23) and may therefore increase the tone in the cerebral vasculature. We have shown that pretreatment with atropine eliminated the increase in BBF at blood pressure increases of 64% above baseline; these changes were associated with a sustained increase in CVR. This suggests that atropine may have extended the upper limb of the autoregulatory range either by directly blocking the cholinergic receptors and inhibiting cerebral vasodilation or indirectly by stimulating adrenergic release of norepinephrine and causing vasoconstriction.
In group 11, the only change in BBF during hypertension was a decrease in choroid plexus blood flow similar to the decrease seen in group I (Fig. 2) . This indicates that atropine has no influence on the direct vasoconstrictive effect of Aramine on the vessels of the choroid plexus.
In summary, hypertension induced pharmacologically with Aramine has the following effects on brain blood flow in the newborn piglet: 1) a sustainled loss of autoregulation; 2) a sparing effect on the BBF increase to the brainstem; 3) a preferential increase in cerebellar cortical BBF suggesting an increased risk for hemorrhage in this area during hypertension; 4) no apparent effect on BBF to the boundary zone, suggesting that hypertension may not play an important role in the development of periventricular leukomalacia; and 5) a reduction in choroid plexus blood flow possibly because of a lack of a blood-brain bamer in this brain region. Atropine pretreatment before the induction of hypertension with Aramine results in a greater increase in MABP; however, atropine also prevents an increase in BBF during hypertension. Because relatively moderate hypertensive insults have been shown to be associated with significant increases in BBF in newborn piglets, hypertension may result in intraventricular hemorrhage in more immature species; the role of atropine in this context remains to be determined in future studies.
